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ABSTRACT

Little is known about intrinsic epithelial cell responses against astrovirus infection. Here we show that human astrovirus type 1
(HAstV-1) infection induces type I interferon (beta interferon [IFN-�]) production in differentiated Caco2 cells, which not only
inhibits viral replication by blocking positive-strand viral RNA and capsid protein synthesis but also protects against HAstV-1-
increased barrier permeability. Excitingly, we found similar results in vivo using a murine astrovirus (MuAstV) model, provid-
ing new evidence that virus-induced type I IFNs may protect against astrovirus replication and pathogenesis in vivo.

IMPORTANCE

Human astroviruses are a major cause of pediatric diarrhea, yet little is known about the immune response. Here we show that
type I interferon limits astrovirus infection and preserves barrier permeability both in vitro and in vivo. Importantly, we charac-
terized a new mouse model for studying astrovirus replication and pathogenesis.

The successful replication and spread of many enteric viruses
depend upon modulating immune factors produced by intes-

tinal epithelial cells (IECs) including interferons (IFNs) (1, 2). For
instance, enteric adenoviruses are sensitive to IEC-produced type
I IFNs, unlike respiratory adenoviruses (3), while rotavirus ex-
ploits type I IFN signaling in IECs to promote early viral replica-
tion (4). However, nothing is known about the impact of IFN on
astrovirus infection.

Astroviruses are small, nonenveloped, RNA viruses that are
one of the most important causes of pediatric acute gastroenteritis
worldwide (5–8). Infection begins by binding to an unidentified
receptor(s) on epithelial cells after fecal-oral transmission fol-
lowed by entry via endosomes (9). After viral uncoating, the pos-
itive-sense, single-stranded RNA genome is translated into a poly-
protein precursor that is subsequently cleaved into proteins
required for replication and the assembly of progeny virions. The
genome contains three open reading frames: ORF1a, ORF1b, and
ORF2. ORF1a and ORF1b encode nonstructural proteins in-
volved in transcription and replication of the virus, while ORF2
encodes the capsid protein (10, 11). Negative-strand RNA is pro-
duced from the positive genomic strand, which can be detected 6
to 12 h postinfection (hpi) (12). Transcription of the negative-
strand genome yields the genomic and subgenomic RNA. Human
astrovirus (HAstV) proteins have been associated with mem-
branes in infected cells likely serving as the site for replication and
assembly (13–15). After assembly, the progeny virions egress from
the cell, a process promoted by caspase activation (16).

Recently, Guix et al. found that HAstV type 4 (HAstV-4) rep-
lication induces type I IFN production and that pretreatment of
Caco2 cells with beta interferon (IFN-�) reduced HAstV-4 capsid
protein synthesis and progeny virion production (17). However,
whether the IFN-� produced during astrovirus infection is suffi-
cient to limit astrovirus replication, and at what step in the viral
life cycle IFN-� affects astrovirus, remains unknown. Addition-
ally, whether IFN-� has an impact on astrovirus pathogenesis has
not been determined.

In these studies, we demonstrate that HAstV-1 replication in

differentiated Caco2 cells also induces type I IFN, which can then
limit viral replication in a dose-dependent manner. Neutraliza-
tion of virus-induced IFN-� leads to higher viral titers in vitro,
highlighting the importance in limiting viral spread. Previously,
we revealed that astrovirus infection increased the permeability of
differentiated Caco2 cells as measured by a drop in transepithelial
resistance (TER) and increased flux of fluorescein isothiocyanate
(FITC)-dextran from the apical side to the basolateral side of the
polarized monolayer independent of cell death (18). However,
this increased permeability was transient with the monolayer be-
ginning to recover within 48 to 72 hpi. Our current studies may
partially explain this finding by demonstrating the importance of
astrovirus-induced type I IFN in protecting the intestinal epithe-
lium from increased barrier permeability.

To begin defining the role of type I IFN in vivo, we developed a
new animal model of astrovirus pathogenesis. To date, young tur-
keys (poults) infected with turkey astrovirus type 2 (TAstV-2) are
the best defined animal model for astrovirus pathogenesis (19).
Unfortunately, the lack of reagents, laboratory facilities, and ex-
pertise with the species, as well as availability of birds, severely
limits this model. Here we not only describe a new murine astro-
virus (MuAstV) model but also highlight the important role for
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type I IFN in limiting viral replication and potentially protecting
against astrovirus-increased barrier permeability in vivo.

MATERIALS AND METHODS
Cells. The human intestinal adenocarcinoma cell line Caco2 was obtained
from ATCC (HTB-37). Cells were propagated in minimum essential me-
dium (MEM; Corning) supplemented with 10% fetal bovine serum (FBS;
Benchmark), glutaMax-I (Gibco), 1 mM sodium pyruvate (Gibco), and
penicillin-streptomycin (Gibco). To differentiate Caco2 cells, the cells
were plated on 1-�m-pore-size transwell inserts (Corning) at 5 � 104

cells/well and incubated for 3 or 4 days until the transepithelial electrical
resistance (TER) measurements registered greater than 1,000 � · cm2 and
the cells formed a polarized monolayer as described previously (18).

Daoy cells were obtained from ATCC (HTB-186) and cultured in Ea-
gle’s minimum essential medium (Lonza) supplemented with 10% FBS,
glutaMax-I, and nonessential amino acids (Gibco). All cells were cultured
at 37°C with 5% CO2.

Viruses. HAstV-1 was propagated in Caco2 cells, and the titers of the
virus were determined on Caco2 cells by the fluorescent-focus assay (fo-
cus-forming units [FFU]) as previously described (20). Briefly, 2 � 104

cells were seeded into 96-well plates, and after 3 days, the cells were inoc-
ulated with 10-fold dilutions of HAstV-1 in MEM containing 0.3% bovine
serum albumin (BSA) for 1 h at 37°C, at which time the virus was replaced
with MEM containing 0.3% BSA. After 16 to 24 h, cells were fixed with 4%
formaldehyde (Polysciences), permeabilized with 0.5% (vol/vol) Triton
X-100 in phosphate-buffered saline (PBS) for 15 min, and then blocked
with 10% FBS in PBS at room temperature. The cells were stained with
HAstV monoclonal antibody 8E7 (2 �g/ml DakoCytomation) for 1 h at
37°C followed by anti-mouse IgG labeled with Alexa Fluor 488 (anti-
mouse IgG-Alexa Fluor 488) (1:400) (Invitrogen) secondary antibodies
and DAPI (4=,6=-diamidino-2-phenylindole) (Sigma) for 1 h at 37°C.
Wells were imaged on an EVOS microscope (Advanced Microscopy
Group) using identical parameters for each treatment. Nuclei and fluo-
rescein isothiocyanate (FITC)-positive (FITC�) cells were counted using
ImageJ software. The average FFU per milliliter was calculated as follows:
(number of FITC� cells/number of cells) multiplied by the average num-
ber of cells per well multiplied by the dilution factor. To UV inactivate the
virus, 50 �l of HAstV-1 was subjected to 100 mJ/cm2 with a UV cross-
linker as described previously (18), and inactivation was confirmed by the
fluorescent-focus assay.

The A/Puerto Rico/8/1934 influenza virus lacking the NS1 gene (PR8-
�NS1) was provided by Adolfo Garcia-Sastre (Icahn School of Medicine,
Mount Sinai) (21) and propagated in eggs, and virus titer in MDCK cells
was determined by microneutralization assay as described previously
(22). Vesicular stomatitis virus (VSV) was a kind gift from Michael Whitt,
University of Tennessee Health Science Center, Memphis, TN.

MuAstV. Mouse colonies at St. Jude Children’s Research Hospital
were screened for the presence of murine astrovirus (MuAstV) by real-
time reverse transcription-PCR (RT-PCR) as described previously (23).
We identified several immunocompromised colonies persistently in-
fected with MuAstV, including our IFNaR�/� (IFNaR stands for alpha
interferon receptor) mice.

MuAstV stocks were prepared from feces collected from persistently
MuAstV-infected mice. Briefly, for 12 tubes, 250 �l of feces was sus-
pended in 0.5 ml PBS in each tube, homogenized using 2-mm zirconium
oxide beads (Next Advance) beads for 4 min on speed setting 4 (Next
Advance air cooling bullet blender), and pelleted by centrifugation at
12,000 rpm for 5 min. The supernatants were pooled and filtered through
a 0.2-�m filter (fecal filtrate) and viral copy number quantified by real-
time RT-PCR (23). Briefly, viral RNA was isolated from feces by the
QIAamp viral RNA minikit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized from 1 �g of total RNA using the
SuperScript VILO cDNA synthesis kit (Invitrogen), and 2 �l was used for
real-time RT-PCR. PCR was performed using AmpliTaq Gold 360 DNA
polymerase reagents (Applied Biosciences) and forward primer 5=TACA

TCGAGCGGGTGGTCGC, reverse primer 5=GTGTCACTAACGCGCA
CCTTTTCA, and probe 6-carboxyfluorescein (6FAM)-TTTGGCATGTG
GGTTAA-MBGNFQ (minor groove binder nonfluorescent quencher)
under the following conditions: 95°C for 10 min, followed by 50 cycles,
with 1 cycle consisting of 95°C for 15 s and 60°C for 1 min on a Bio-Rad
CFX96 real-time PCR detection system. The number of genome copies/
microgram of total RNA was determined using the threshold cycle (CT)
value of the sample compared to a standard curve generated from a syn-
thesized MuAstV DNA from nucleotides 3819 to 4279 with a known copy
number (calculated using Thermo Fisher Scientific DNA Copy Number
and Dilution Calculator [www.thermofisher.com]). Log10 dilutions of the
synthesized MuAstV DNA were used for real-time RT-PCR as described
above. CT values versus nanogram of DNA were plotted, and the equation,
which included the y-axis intercept and slope, were calculated using Mi-
crosoft Excel to generate the standard curve. CT values from experimental
samples were converted into copy number using the calculated standard
curve, multiplied by the dilution factor of cDNA used, multiplied by the
number of genome copies per microgram of total RNA.

The ORF2 region of MuAstV from mice within our colony was se-
quenced using Qiagen one-step RT-PCR (catalog no. 210212) with Invit-
rogen RNaseOut (catalog no. 10777-019) and forward primer 5=CCACC
ACCYGAGTCYGGACCCTA and reverse primer 5=TGGTTRCGGTAGG
GCCAGCGRTT under the following conditions: 50°C for 50 min, 95°C
for 15 min, followed by 30 cycles, with 1 cycle consisting of 95°C for 30 s,
50°C for 30 s, and 68°C for 45 s, followed by a final elongation step of 68°C
for 5 min. Sequences were obtained by the St. Jude Hartwell Center and
aligned using BioEdit and MEGA6.

Type I IFN treatments and reagents. Differentiated Caco2 cells in
transwell plates were washed once with PBS, incubated in serum-free
medium, and then inoculated with HAstV-1 (at a multiplicity of infection
[MOI] of 1 unless otherwise indicated) for 1 h. Cells were then washed and
incubated for 16 to 24 hpi. For experiments that included exogenous
IFN-� treatment, cells were pretreated overnight and infected in the pres-
ence of 1 �g/ml of IFN-� (Preprotech). For experiments that included
neutralizing IFN-�, cells were infected in the presence of 3 �g/ml anti-
IFN-� antibody (Abcam) or isotype control IgG.

Quantitating HAstV-1 positive- and negative-strand synthesis. Pos-
itive- and negative-strand RNA was quantitated by semiquantitative re-
verse transcription-PCR as described previously (24). Briefly, cells were
collected at the indicated time point in TRIzol reagent (Thermo Fisher
Scientific) and RNA was isolated according to the manufacturer’s instruc-
tions. RT reactions on 1 �g total RNA were performed using SuperScript
III first-strand synthesis system (catalog no. 18080-51; Invitrogen) and 0.5
�M primer, Mon348 (for positive strand) or Mon344 (for negative
strand) primers (25), according to the manufacturer’s instructions. RT
reactions for �-actin were performed using the SuperScript VILO cDNA
synthesis kit (Invitrogen) according to the manufacturer’s instructions.
PCR mixtures were composed of Taq DNA polymerase enzyme and buf-
fers (Qiagen) using 2 �l of cDNA. Primer pairs included Mon340 and
Mon348 (positive strand), Mon343 and Mon344 (negative strand) (25),
or �-actin (forward primer 5=GCTGTGCTATCCCTGTA and reverse
primer 5=GCCTCAGGGCAGCGG). PCR was performed as follows: 94°C
for 2 min, 30 cycles, with 1 cycle consisting of 94°C for 30 s, 54°C for 30 s,
and 72°C for 3 min, with a final extension cycle of 72°C for 10 min. PCR
products (5 �l) were separated on 2% agarose gels and visualized on a
FOTODYNE UV-transilluminator using FOTO/Analyst PC Image soft-
ware. Band intensities were compared using ImageJ software.

Recombinant HAstV-1 capsid protein production and purification.
Recombinant HAstV-1 capsid protein was expressed in Sf9 cells and pu-
rified by HisTrap metal affinity chromatography by the St. Jude Children’s
Research Hospital Protein Production Facility as described previously
(18, 26, 27). Protein concentrations were quantified by the bicinchoninic
acid (BCA) protein assay kit (Pierce), and purification was confirmed by
SDS-PAGE.
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Determining IFN levels. Type I IFN mRNA levels were determined as
described previously (28). Briefly, Caco2 or Daoy cells were plated at 5 �
104 cells in 24-well tissue culture plates or 24-well tissue culture transwells,
respectively, and incubated for 2 or 3 days until confluent (culture plate)
or until the TER reached 1,000 � · cm2 (transwells) as described above.
The cells were then inoculated with PBS alone (mock infected), HAstV-1
(MOI of 1), UV-inactivated HAstV-1, purified HAstV-1 capsid (5 �g) or
influenza PR8-�NS1 (MOI of 0.3), and cell supernatants or lysates were
collected at different times postinfection. RNA was isolated from cells by
TRIzol extraction according to the manufacturer’s instructions. To deter-
mine IFN-� RNA levels, 100 ng of RNA was screened via TaqMan Fast
Virus one-step master mix and IFN-� forward primer 5=CGCCGCATTG
ACCATCTA, reverse primer 5=GACATTAGCCAGGAGCTTCTCA, and
probe 5= 6-FAM-TCAGACAAGATTCATCTA by real-time PCR on a Bio-
Rad CFX96 real-time PCR detection system. Human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) control reagents (TaqMan [catalog
no. 402869; Life Technologies]) were included in the reaction mixtures as
a loading control (0.4 �l each of forward primer, reverse primer, and
probe). PCRs were as follows: 50°C for 50 min, 95°C for 20 s, followed by
45 cycles, with 1 cycle consisting of 95°C for 3 s and 60°C for 30 s. The
amount of IFN-� was normalized to GAPDH. Results are shown as fold
increase over mock-infected cells at the same time point.

To quantitate type I IFN protein levels, a VSV bioassay was performed
as described previously (29). Briefly, Daoy cells were plated at 2.5 � 104

per well in a 96-well tissue culture plate, incubated overnight, and then
infected with 2-fold serial dilutions of supernatants collected from Caco2
cells 24 h after HAstV-1 (MOI of 1) or PR8 (MOI of 0.3) infection. Su-
pernatants were acid treated with an equal volume of MEM containing 0.1
N HCl for 2 h at room temperature and then neutralized with 7.5%
NaHCO3 to inactivate IFN-	 prior to addition to Daoy cells. Increasing
concentrations of human IFN-� from 0 to 500 pg/ml served as the positive
control. Twenty-four hours later, cells were inoculated with 1 � 105 PFU
of VSV and incubated for 2 days. The medium was removed, and cells
were stained with crystal violet at room temperature for 30 min. The
amount of IFN was calculated by multiplying the dilution of supernatant
that gave 50% protection for the cytopathic effect (CPE) by the standard
amount of IFN-� that gave 50% protection for CPE.

Animal experiments. All procedures were approved by the St. Jude
Children’s Research Hospital Institutional Animal Care and Use Com-
mittee and were in compliance with the Guide for the Care and Use of
Laboratory Animals (30). Stool samples from 3- to 6-week-old male and
female wild-type (WT) C57BL/6 mice (Jackson Laboratories) and
IFNaR�/� mice (St. Jude Children’s Research Hospital colony) were pre-
screened for MuAstV by real-time RT-PCR as described above. WT mice
were shown to be negative for MuAstV, while all IFNaR�/� mice in our
colony were MuAstV positive. Regardless, mice were orally gavaged with a
fecal filtrate containing 2 � 107 MuAstV in 100 �l PBS or PBS alone. Viral
shedding was monitored by obtaining fresh feces (approximately 50 mg)
from individual mice every 48 to 72 h and analyzed by real-time RT-PCR
and converted into copy number per 1 �g RNA as described above. After
21 days postinfection (dpi), feces were collected and screened at days 39
and 53 postinfection.

Measuring barrier permeability. We used two assays to monitor the
permeability of epithelial, transepithelial electrical resistance and fluores-
cent flux. TER measures ion movement across a barrier and is an indirect
measurement of tight junctions (31). Fluorescent flux directly measures
the paracellular permeability of an inert dye from the apical side of the cell
monolayer to the basolateral side (18). Caco2 cells were plated at 5 � 104

cells/well on 0.3-cm2 semipermeable tissue culture inserts (Corning) and
incubated for 3 or 4 days until the TER reached 1,000 � · cm2. Cells were
then apically infected with HAstV-1 (MOI of 2) in the presence or absence
of IFN-� (1 �g/ml), and TER levels were measured at the indicated time
points using an EndOhm-6 chamber and EVOM2 epithelial voltohmme-
ter (World Precision Instruments). Results are presented as percentages of
the insert’s initial TER reading (time zero). Fluorescent flux of 20-kDa

FITC-dextran (Sigma-Aldrich) was monitored in vitro as described pre-
viously (18). Briefly, differentiated Caco2 cells on transwell inserts were
infected with HAstV-1 (MOI of 2) in the presence or absence of IFN-� (1
�g/ml), anti-IFN neutralizing antibody (3 �g/ml), or isotype control an-
tibody. After 1 h, virus was removed and replaced with 100 �l of medium
with a 1:50 dilution of 20-kDa FITC-dextran (20 mg/ml) to the apical
surface in the presence or absence of IFN-�, anti-IFN neutralizing anti-
body, or isotype control antibody. At 24, 48, and 72 hpi, 50 �l of super-
natant from the basolateral chamber was collected, and fluorescence was
measured on a Fluoroskan Ascent fluorometer (Thermo Labsystems) at
an excitation wavelength of 435 nm and an emission wavelength of 538
nm. Fluorescence was compared to that of maximum migration of the
FITC-dextran probe across a cell-free insert, and results are expressed as
percentage of the maximum migration (percentage of no cells).

Intestinal permeability in vivo was measured as previously described
(32). Briefly, mice were orally gavaged with 10 mg/100 g of body weight
4-kDa FITC-dextran in 100 �l at 3 dpi. Four hours postinoculation, blood
samples were collected retro-orbitally, and serum samples were isolated
after 2 h at room temperature by centrifugation at 3,500 rpm at 4°C for 20
min. FITC in 25 �l sera was measured at an excitation wavelength of 485
nm and an emission wavelength of 538 nm. The amount of FITC-dextran
in the serum was quantified by comparison to a FITC-dextran standard
curve of the original inoculum stock.

Statistical analysis. The statistical significance of the data was deter-
mined by using the two-tailed Student t test in Microsoft Excel. Data are
representative of or the average of at least two independent experiments
run with at least duplicate samples. Mouse studies included 8 mice for
PBS-inoculated mice and 12 or 13 mice per strain for MuAstV-inoculated
mice. Error bars represent standard deviation, and statistical significance
was defined as a P value of 
0.05.

RESULTS
HAstV-1 induces IFN-� production. To determine whether
IFN-� levels increased during HAstV-1 infection, differentiated
Caco2 cells were infected with HAstV-1 (MOI of 1). NS1-deleted
A/Puerto Rico/8/34 (PR8-�NS1) H1N1 influenza virus (MOI of
0.3), which is unable to disrupt IFN synthesis (33–36), was used as
a control. Cells were collected at the time points indicated in the
figures, and IFN-� mRNA levels were determined by real-time
RT-PCR. HAstV-1 infection increased IFN-� expression in differ-
entiated Caco2 cells 3-fold at 24 h postinfection (hpi) compared to
mock-infected cells (Fig. 1A). HAstV-1 induction of IFN-� pro-
duction requires viral replication, as UV-inactivated virus or
HAstV-1 capsid protein, which assembles into virus-like particles
(18) did not induce IFN-� expression (Fig. 1B). In contrast, �NS1
influenza virus increased production within 6 hpi, culminating in
a 12-fold increase in IFN-� mRNA at 24 hpi (Fig. 1A).

To calculate the level of type I IFN activity induced by infec-
tion, a functional IFN bioassay was performed on cell superna-
tants from HAstV-1-infected and PR8-�NS1-infected cells col-
lected at 24 hpi. Supernatants were acid treated to destroy IFN-	,
applied to Daoy cells, and subsequently challenged with vesicular
stomatitis virus (VSV) as described previously (29). HAstV-1 in-
duced a significantly higher level of type I IFN activity compared
to mock-infected cells, although at a much lower level than �NS1
influenza virus (136.5 pg/ml versus 965 pg/ml [Fig. 1C]). Impor-
tantly, Daoy cells do not support HAstV-1 replication (Fig. 1D),
and IFN-� RNA levels are not induced in Daoy cells directly in-
oculated with HAstV-1 or PR8-�NS1 influenza virus (Fig. 1E),
demonstrating that the type I IFN measured in the bioassay is
produced from the primary infection of Caco2 cells and not from
any virus in the cell supernatants.

IFN-� limits HAstV-1 replication. Having established the ki-
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netics of IFN-� induction during HAstV-1 infection, we next in-
vestigated whether HAstV-1 replication was sensitive to IFN-�.
First, Caco2 cells received increasing doses of IFN-� for 18 h prior
to and during the course of HAstV-1 infection (MOI of 1). Cells
were then fixed at 24 hpi, and HAstV-1 levels were quantitated by
the fluorescent-focus assay as described previously (24). Results
are expressed as the percentage of cells expressing HAstV-1 capsid
protein compared to the percentage of cells expressing HAstV-1
capsid protein in untreated HAstV-infected cells, which was set at
100%. Exogenous IFN-� decreased the percentage of cells with

new HAstV-1 capsid synthesis in a dose-dependent manner (Fig.
2A) with 100 ng/ml resulting in a 90% reduction in capsid-ex-
pressing cells (Fig. 2B). Type 1 IFN bioassay results suggest that
HAstV-1 infection results in �0.1 ng/ml of active protein (Fig.
1C), suggesting that the type 1 IFN produced during infection
could limit viral spread.

To test whether HAstV-1-induced IFN-� limits HAstV-1 rep-
lication during infection, Caco2 cells were infected with HAstV-1
(MOI of 1) in the presence of 3 �g/ml of a human IFN-� neutral-
izing antibody, an isotype IgG, or no antibody in medium con-

FIG 1 Type I IFN production is induced during HAstV-1 infection. (A) Differentiated Caco2 cells grown on transwell inserts were apically inoculated with PBS
(mock infected), HAstV-1 (MOI of 1), or A/Puerto Rico/8/1934 influenza virus (PR8) lacking the NS1 gene (�NS1) (MOI of 0.3), and real-time RT-PCR for type
1 IFN (IFN-�) was performed on RNA normalized to GAPDH. Results are shown as fold increase over mock-infected cells at the same time point. (B) IFN-� RNA
levels in Caco2 cells inoculated with HAstV-1, UV-inactivated HAstV-1 (MOI of 1), or 5 �g HAstV-1 capsid at 24 h postinoculation as described above for panel
A. (C) Type I IFN levels were quantitated in supernatants at 24 hpi by bioassay on Daoy cells. (D) Daoy or Caco2 cells infected with HAstV-1 (MOI of 2) were
stained for capsid 24 hpi. (E) IFN-� RNA levels of cells infected with HAstV-1 (MOI of 1) at 24 hpi as described above for panel A. Data are the average of two
independent experiments performed at least three times (A to C) or twice (D and E). Error bars indicate standard deviations (SD). Asterisks show statistical
significance as measured by the two-tailed Student t test as follows: *, P 
 0.05; **, P 
 0.005; ***, P 
 0.0005.
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taining 10 �g/ml porcine trypsin, which is required for multir-
ound HAstV-1 replication (37). Supernatants were collected at 24
hpi, and viral titers were determined by the fluorescent-focus as-
say. Inhibiting the endogenous IFN-� produced during HAstV-1
led to �2.5-log-unit-higher viral titers compared to untreated or
control IgG-treated cells (Fig. 2C). These data demonstrate that
the amount of IFN-� that HAstV-1 induced during infection is
sufficient to limit viral replication and correlate with recent work
by Guix et al. demonstrating that IFN-� pretreatment of Caco2
cells reduces HAstV-4 capsid protein synthesis (17).

Our studies demonstrate that IFN-� inhibits HAstV-1 capsid
expression (Fig. 2B). Thus, to define the stage at which it inhibits
viral replication, IFN-�-pretreated Caco2 cells were infected with
HAstV-1 (MOI of 5), RNA was collected at 1, 4, 8, and 16 hpi, and
negative- and positive-strand RNA synthesis was monitored by
RT-PCR and quantified using ImageJ using �-actin levels to stan-
dardize as described previously (24, 25, 38). IFN-� pretreatment
did not impact RNA levels at 1 and 4 hpi, suggesting that IFN-�
pretreatment has no effect on HAstV-1 entry (Fig. 3). However,
IFN-� pretreatment markedly reduced levels of positive-strand
RNA synthesis beginning at 8 hpi compared to untreated controls
(Fig. 3A and B). At 8 hpi, IFN-� pretreatment led to a 50% reduc-
tion in positive-strand RNA compared to the nonpretreated cells,
and levels remained decreased at 16 hpi. In contrast, negative-
strand HAstV-1 RNA levels were statistically unaffected by IFN-�
pretreatment (Fig. 3C and D). Although we did observe a trend
toward decreased negative-sense RNA levels at 8 hpi in certain
experiments, it was not statistically significant (P � 0.07). These
data demonstrate that IFN-� decreases HAstV-1 replication after
viral entry and decreases the levels of positive-strand HAstV-1
RNA. While Guix et al. found that IFN-� decreases HAstV-4 new
capsid protein synthesis and progeny virion release (17), our data
further delineate at which step in the replication cycle IFN-� de-
creases HAstV replication.

IFN-� protects against HAstV-1-induced epithelial barrier
permeability. Arguably, one of the most important roles of the
intestinal epithelium is to provide a barrier to regulate the trans-
port of solutes and pathogens into the body, and the flux of water
outside the body, which can lead to diarrhea if dysregulated (39–
42). It does so by forming regulated epithelial cell-cell associations
known as tight junctions. Tight junctions are made up of trans-
membrane proteins that form homotypic and heterotypic inter-
actions to form a dynamic barrier that is essentially impermeable
to the movement of fluids and solutes between the luminal and
serosal compartments (43). We demonstrated that HAstV-1 dis-
rupts this epithelial permeability and tight junctions through an as
yet undefined mechanism(s) (18). To determine whether IFN-�
plays a role in HAstV-1-induced barrier permeability, we first
measured TER of differentiated Caco2 cells pretreated with exog-
enous IFN-� and then infected with HAstV-1 (MOI of 2). As
shown previously, HAstV-1 leads to a rapid decease in TER (Fig.
4A) (18). However, pretreatment with IFN-� significantly re-
duced the HAstV-1-induced decrease in TER at 24 to 36 hpi from
a 60 to 80% reduction in TER (compared to time zero) to a 40%
decrease (Fig. 4A).

To determine whether the drop in TER correlated with a
change in permeability, we monitored the transmigration of 20-
kDa FITC-labeled dextran from the apical chamber to the baso-
lateral chamber during HAstV-1 infection (MOI of 2) of differen-
tiated Caco2 cells in the presence or absence of IFN-�, a

FIG 2 Type I IFN reduces HAstV-1 replication in vitro. (A) Differentiated
Caco2 cells were treated with increasing concentrations of human IFN-� for
18 h prior to and during HAstV-1 infection (MOI of 1). Cells were fixed at 24
hpi and stained for HAstV-1 capsid by fluorescence microscopy. The number
of positive cells per field with 10� lens objective was quantitated. Results are
expressed as the percent capsid expression compared to untreated HAstV-
infected cells (standardized [Std.] to no treatment), which was set at 100%. (B)
Representative images of HAstV-1-infected cells pretreated with 100 ng/ml
IFN-� (� IFN-�) or not pretreated with IFN-�. (C) Caco2 cells were treated
with PBS or with 3 �g/ml control IgG or IFN-� neutralizing antibody during
HAstV-1 (MOI of 1) infection in the presence of trypsin. Fresh Caco2 cells
were then inoculated with 10-fold dilutions of supernatants collected at 24 hpi,
cells were stained for HAstV-1 capsid at 24 hpi, and viral replication was
quantitated by determining the number of fluorescent focus-forming units
(FFU) per milliliter. Data are the averages of two independent experiments
performed at least twice (A and C). Panel B shows representative images from
two independent experiments. Error bars indicate SD. Asterisks show statisti-
cal significance as measured by the two-tailed Student t test as follows: *, P 

0.05; **, P 
 0.005.
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neutralizing antibody, or isotype control IgG. Results are ex-
pressed as the percentage of FITC migration across a cell-free in-
sert (percentage of no cells) as described previously (18). FITC-
dextran levels did not increase above the level for mock-infected
cells at 24 hpi for any of our treatments. In contrast, at 48 hpi,
HAstV-1 infection increased barrier permeability by 20% com-
pared to mock-infected cells. The addition of exogenous IFN-�
completely protected the cells, while the addition of an IFN-�

neutralizing antibody resulted in a 5-fold increase in permeability
compared to HAstV-1-infected cells. The isotype control IgG had
no effect (Fig. 4B). These results were even more significant at 72
hpi. Overall, our results suggest that type I IFNs protect the epi-
thelial barrier and prevent permeability during astrovirus infec-
tion.

Type I IFN signaling limits astrovirus replication and barrier
permeability in vivo. Finally, to determine the importance of type
1 IFNs in astrovirus infection in vivo, we developed a novel murine
astrovirus (MuAstV) model based on our and other groups’ find-
ings that many laboratory mice are endogenously infected with
MuAstV (23, 44). To do this, we screened our St. Jude colonies for
MuAstV by real-time PCR and found that numerous immuno-
compromised strains including CD1, RAG, and type 1 IFN- re-
ceptor (IFNaR) knockout mice (as examples) were persistently
shedding MuAstV. Sequence analysis on �500 nucleotides of the
ORF2 revealed that our colonies are infected with an MuAstV
genotype most similar to STL4 (Fig. 5A) (23). The capsid is 99%
similar to STL4 at the nucleotide level and 98% similar via amino
acid. We prepared a fecal filtrate containing 2 � 107 genomic
copies of MuAstV and orally gavaged MuAstV-negative 3- to
6-week-old WT C57BL/6 mice and MuAstV-positive IFNaR
knockout mice (�106 copies/�g RNA). Stool samples were col-
lected from individual mice �1 to 53 days postinfection (dpi) to

FIG 3 Positive-sense RNA synthesis is decreased by IFN-� pretreatment.
Caco2 cells were mock infected or infected with HAstV-1 (MOI of 5) in the
presence (�) or absence (�) of 1 �g/ml IFN-�, and RNA was collected at the
times indicated above the lanes. RT-PCR using HAstV-specific Mon340/348
for the positive strand [(�) strand] (A and B), Mon343/344 for the negative
strand [(�) strand] (C and D), or �-actin primers was performed on RNA (1
�g) followed by PCR with the corresponding primer pair as described in ref-
erence 24. The fold decrease in HAstV-1 RNA levels compared to untreated
cells at the same time point was quantitated by ImageJ by standardizing to
�-actin levels (B and D). Panel A shows a representative image from three
independent experiments, while panel B shows the averages of three indepen-
dent experiments. Panel C shows a representative image of two independent
experiments, while panel D shows the averages of two independent experi-
ments. Error bars indicate SD. *, P 
 0.05 as measured by two-tailed Student t
test to 1 hpi.

FIG 4 Type I IFN prevents barrier permeability of Caco2 cells during HAstV-1
infection. Differentiated Caco2 cells on transwell inserts were treated with 1
�g/ml of IFN-� or 3 �g/ml anti-IFN-� neutralizing antibody or control IgG
for 18 h prior to inoculation with PBS (mock infected) or HAstV-1 (MOI of 2).
(A) TER was measured at the indicated times and normalized to each sample’s
baseline at time zero. (B) Paracellular permeability was measured by the mi-
gration of 20-kDa FITC-labeled dextran to the basal chamber. Fluorescence
was compared to that of the maximum migration of the probe across a cell-free
insert; results are expressed as percentages of the maximum migration (per-
centage of no cell). Data are the averages from at least duplicate samples in two
independent experiments. Error bars indicate SD. Asterisks show statistical
significance as measured by the two-tailed Student t test as follows: *, P 
 0.05;
**, P 
 0.01.
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monitor viral replication or shed virus by real-time RT-PCR. WT
mice began shedding virus within 2 dpi, and viral titers reached a
peak of �107 copies/�g RNA between 6 and 11 dpi before decreas-
ing over the remainder of the study, ultimately clearing by 53 dpi.
In contrast, IFNaR�/� mice were shedding �106 copies/�g RNA
in their feces at day �1, increasing slightly between days 9 and 14
postinfection, and continued shedding �107 copies/�g RNA
throughout the experiment (Fig. 5B). These data strongly suggest
that type I IFN is important for controlling astrovirus infection in
vivo.

To monitor the impact on intestinal permeability, 4-kDa
FITC-dextran (10 mg/100 g body weight) (Sigma) was orally ad-
ministered to PBS-inoculated WT, MuAstV-infected WT and
IFNaR�/� mice 3 dpi, blood samples were collected 4 h after ad-
ministration, and fluorescence levels in sera were determined as
described previously (32). WT mice inoculated with PBS had little
FITC-dextran in their sera, whereas MuAstV-infected mice had
significantly increased levels (0.4 �g/ml versus 2.1 �g/ml [Fig.
5C]). IFNaR�/� mice, which persistently shed MuAstV, had even
higher levels of FITC-dextran in their sera than MuAstV-infected
C57BL/6 mice did (2.1 �g/ml versus 5.0 �g/ml [Fig. 5C]), which
correlates with our in vitro observations. Combined, our in vivo
studies using an exciting new astrovirus animal model highlight
the importance of type I IFN not only in controlling MuAstV

infection but potentially in protecting the intestinal epithelial bar-
rier from astrovirus-induced permeability, although we will need
“clean” (MuAstV-free) IFNaR�/� mice to definitively delineate
the role of type 1 IFN in intestinal permeability.

DISCUSSION

In this study, we demonstrate that HAstV-1 induces IFN-� pro-
duction, which limits astrovirus replication in vitro and is impor-
tant for the clearance of astrovirus in vivo. Our studies expand on
the work of Guix et al. using HAstV-4, which determined that
IFN-� induction occurs late in infection and is independent of
replication (17). Here, we found that IFN-� reduces HAstV-1
replication in a dose-dependent manner and, importantly, that
the amount of IFN-� produced during HAstV-1 infection is suf-
ficient to limit replication, as treatment with an IFN-� neutraliz-
ing antibody increased HAstV-1 titers (Fig. 2C). We also further
explored the step in the viral life cycle inhibited by IFN-�. Viral
entry was not inhibited, since positive-strand HAstV-1 RNA levels
were not significantly different between untreated and pretreated
cells. However, at later times (8 and 16 hpi), positive-strand RNA
levels were reduced in IFN-�-pretreated cells (Fig. 3A and B). We
observed a trend toward reduced negative-strand HAstV-1 RNA
levels at 8 hpi with IFN-� pretreatment, but it was not significant.
IFN-� pretreatment could be inhibiting HAstV-1 positive-strand

FIG 5 Type I IFN contributes to MuAstV control in vivo. (A) Phylogenetic tree of St. Jude MuAstV based on capsid sequence from residues 1267 to 1823 in ORF2.
Alignment and tree generated in MEGA6 with the bootstrap values shown. The evolutionary history was inferred using the neighbor-joining method. The tree
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the maximum composite likelihood method and are in the units of the number of base substitutions per site. (B) Three- to 6-week-old C57BL/6
or IFNaR�/� mice were orally gavaged with PBS or 2 � 107 genome copies of MuAstV, and viral shedding was monitored by real-time RT-PCR on fresh feces as
the indicated times postinfection. (C) Four-kilodalton FITC-dextran was administered by oral gavage at 3 dpi, blood samples were collected 4 h after adminis-
tration of FITC-dextran, and fluorescence intensity in the sera was measured. The concentration of FITC-dextran in sera was determined by comparison to a
FITC-dextran standard curve. Data are the averages from two independent experiments performed at least twice Error bars indicate SD. Values that are
statistically significantly different (P 
 0.05) as measured by the two-tailed Student t test are indicated by an asterisk.
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production directly or at a step downstream of entry but upstream
of positive-strand synthesis. Unfortunately, we were unable to
measure the levels of nonstructural proteins due to the limited
availability of characterized antibodies to these proteins. With the
development of new tools, future studies can explore the mecha-
nism(s) leading to inhibition of HAstV-1 replication by IFN-� in
vitro.

In addition to inhibiting replication, we demonstrated that
type I IFN may be important in protecting the epithelial barrier
during HAstV infection. Pretreatment of Caco2 cells with exoge-
nous IFN-� led to protection, while neutralizing endogenous lev-
els led to a significant increase in permeability over infection
alone. We know that binding of the capsid alone is sufficient to
reduce TER (18), which quickly recovers once the capsid is re-
moved. However, during a productive infection, we postulate that
initial viral binding leads to a drop in TER within 12 to 16 hpi. At
that time, progeny virus is released, leading to new capsid binding
to surrounding cells in the monolayer. The production and release
of IFN-� at 24 hpi (Fig. 1A) not only inhibit viral replication in
surrounding cells but may also directly or indirectly protect the
epithelium from virus-increased permeability. However, it is
likely that the model is much more complicated given that exoge-
nous IFN-� reduced the HAstV decrease in TER but did not com-
pletely abolish it (Fig. 4A), yet it did completely protect against the
HAstV-increased fluorescent flux (Fig. 4B). Studies are ongoing to
understand the cellular mechanism(s) of astrovirus-increased
permeability.

The integrity of the barrier in our study differs from that of
Guix et al., which concluded a positive correlation between IFN-�
RNA production and barrier permeability (17). However, they
directly tested the effect of IFN-� treatment on epithelial barrier
permeability only in the absence of infection and found no differ-
ence in TER between IFN-�-treated cells and untreated cells (17).
We found a direct effect of IFN-� on HAstV-1-induced barrier
permeability in our differentiated Caco2 cells. Given that previous
studies have demonstrated type I IFN=s stabilizing effect on endo-
thelial cell monolayers by blocking IFN-	-induced disintegration
of tight junction complexes during the progression of multiple
sclerosis, this further highlights the importance of the type I IFN
system in protecting the host from increased barrier permeability
during HAstV-1 infection (45, 46).

More importantly, we highlight the importance of type I IFN in
astrovirus control and pathogenesis in vivo by characterizing a
new mouse model of astrovirus infection. Previously, the only
model for astrovirus pathogenesis was TAstV-2-infected turkey
poults. Although this model has provided invaluable information,
it is very limited in terms of accessibility, reagents, and genetics. In
this work, we demonstrate that orally gavaging wild-type C57BL/6
mice with MuAstV-positive fecal filtrate results in productive in-
fection, viral shedding, and increased intestinal permeability.
Similar results were obtained using sucrose-purified MuAstV. Vi-
ral titers peaked at days 6 to 11 postinfection and then decreased,
becoming negative at 53 dpi (Fig. 5B). In contrast, we found that
our IFNaR�/� colony were endogenously infected with MuAstV
and persistently shed virus. Whether the persistent infection is due
to the inability to clear the initial infection or whether shedding is
due to constant reinfection cannot be determined until we gener-
ate MuAstV-free IFNaR�/� mice. The IFNaR�/� mice also had
increased intestinal permeability compared to MuAstV-infected
WT mice, despite the fact that these mice had similar levels of

MuAstV when administered FITC-dextran (Fig. 5C). Although
higher levels of FITC-dextran in the sera of IFNaR�/� mice could
be due to infection with MuAstV for a longer period of time than
WT mice, these data correlate with our in vitro TER and fluores-
cence flux assays, which demonstrated that pretreatment of differ-
entiated Caco2 cells with IFN-� protects against HAstV-1-in-
duced barrier permeability and inhibiting the virus-induced type I
IFN led to a significant increase in permeability (Fig. 4).

In conclusion, this work provides initial evidence that the type
I IFN system can limit HAstV-1 replication both in vitro and in
vivo. The use of mice as a small-animal model can be used to
advance our understanding of astrovirus pathogenesis and infec-
tion. Furthermore, this study delineated type I IFN=s role in lim-
iting permeability of epithelial cell monolayers induced by astro-
virus infection in vitro and intestinal barrier permeability in vivo.
An important next step will be generating MuAstV-free IFNaR�/�

mice. All of the mice in our IFNaR�/� colony are MuAstV posi-
tive. This may have occurred through contact with infected ani-
mals or bedding, given that cohousing can lead to infection (23),
as can exposure to contaminated bedding (B. Sharp et al., unpub-
lished data). Regardless, generating MuAstV-free mice will be im-
portant not only to understand astrovirus pathogenesis and con-
trol but also to determine whether asymptomatic endogenous
MuAstV infections influence the outcome of other scientific stud-
ies, such as infections with other agents, pharmaceutical treat-
ments, or microbiome work. Like murine norovirus, it will also be
important to explore the impact of diverse MuAstV strains on
pathogenesis, systemic spread, and research with murine models.
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